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Calcium pump layerThiswork is an experimental and theoretical study of electrostatic and hydrodynamic properties of the surface of
sarcoplasmic reticulum (SR)membrane using particle electrophoresis. The essential structural components of SR
membrane include a lipid matrix and a dense layer of Ca2+-ATPases embedded in the matrix. The Ca2+-ATPase
layer both drives and impedes vesicle mobility. To analyze the experimental mobility data, obtained at pH 4.0,
4.7, 5.0, 6.0, 7.5, and 9.0 in 0.1 M monovalent (1:1) electrolyte, an analytical solution for the vesicle mobility
and electroosmotic ﬂow velocity distribution was obtained by solving the Poisson–Boltzmann and the Navier–
Stokes–Brinkman equations. The electrophoretic mobility model includes two sets of charges that represent:
(a) charged lipids of the lipid matrix of the vesicle core, and (b) charged amino acid residues of APN domains
of Ca2+-ATPases. APN domains are assumed to form a charged plane displaced from the surface of lipid matrix.
The charged plane is embedded in a frictional layer that represents the surface layer of calcium pumps. Electro-
phoretic mobility is driven by the charged APN domain and by lipid matrix while the surface layer provides
hydrodynamic friction. The charge of APN domain is determined by ionized amino acid residues obtained
from the amino acid composition of SERCA1a Ca2+-ATPase. Agreement between themeasured and the predicted
mobility is evaluated by the weighted sum ofmobility deviation squared. Thismodel reproduces the experimen-
tal dependence of mobility on pH and predicts that APN domains are located in the upper half of the SR vesicle
surface layer.
© 2013 Published by Elsevier B.V.1. Introduction and background
Liposomes and vesicles prepared from biological membranes play a
critical role in studies of their structure and function, aswell as the devel-
opment of special applications of biological and synthetic membranes.
Sarcoplasmic reticulum (SR) vesicles are spherical particles made out
of sarcoplasmic reticulum membrane as an envelope. The interior of
the vesicles is ﬁlled with aqueous salt solution suspending the vesicles.
Electrophoreticmobility studies inwhich themolecular composition
of membrane, the pH, and the salt concentration are experimental
variables play a prominent role in developing insight into structure–
function relationships. Initially these studies were based on Helmholtz–
Smoluchowski concepts that were later expanded into the “standard
electrokineticmodel” [1].Measurements and conceptual insight into fac-
tors determining the electrophoretic mobility have been discussed by
Hunter [2] and Lyklema [3] and more recently in 2005 publication of
IUPAC [4].
Two classes of particles are prominent in electrophoretic mobility
studies. The ﬁrst includes “hard particles” such as rigid spheres withvier B.V.smooth surface. The second class includes “soft particles” with a de-
formable outer layer. Sarcoplasmic reticulum vesicles – the object of
this research - belong to the class of soft particles. Using soft particles
as model systemsmakes possible understanding of surfaces of complex
particles and led to the development of applications to stealth lipo-
somes and targeted drug delivery systems [5,6], the understanding of
environmental colloid substances [7–9], the relationship between
bacterial surface appendages and nanomechanical and electrokinetic
properties [10,11] and a series of novel applications such as particles
with special magneto-rheological properties [12], coatings that can re-
sist surface fouling by nonspeciﬁc protein adsorption [13], and mecha-
nism of bioﬁlm formation [14]. Development of understanding of
electrokinetic properties of such particles is of particular interest be-
cause of the complexity of their surfaces that often cannot be under-
stood in terms of ζ-potential theory. Instead, treatment of mobility of
“soft particles” often requires numerical solutions. In a few select cases
analytical or semi-analytical solutions are possible. In these efforts
Ohshima is widely recognized for great advancements to the ﬁeld of
electrophoretic mobility of “soft” particles [15–21].
Analytical expressions for mobility play an important role in exper-
imental research. They are very useful in experimental design and de-
velopment of insight into the electrohydrodynamic properties of the
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able core and permeable uncharged surface layer [16], (b) spherical
particles with impermeable core and permeable charged surface layer
[18], and (c) spherical particles with permeable charged interior with-
out a core [18]. The mobility equation for particles whosemajor feature
is a layer of charge detached from the lipid matrix and embedded in
frictional layer, developed in this work, is an important addition to an-
alytical expressions for mobility of soft particles [16,18].
The more complex mobility models that are based on the standard
electrokinetic model require numerical solutions. Among the most no-
table are the models and applications developed in [26] and [27] for
soft particles with an uncharged surface layer that were applied to mo-
bility data for phosphatidylglycerol (PG), phosphatidylcholine (PC)
with polyethyleneglycol (PEG), and derivatized phosphatidylethanol-
amine (PE)/phosphatidylcholine(PC) liposomes [28]. The earlier stan-
dard electrokinetic models for multilayered soft particles assumed
homogeneous layers with sharp boundaries. Thesewere later extended
by introducing diffuse boundaries [29,30]. Progress in understanding of
electrokinetic processes of microbes has been reviewed recently by
Duval and Gaboriaud [11].
The presentwork is concernedwith understanding the processes that
determine the electrophoretic mobility of sarcoplasmic reticulum vesi-
cles. Sarcoplasmic reticulum is a membrane envelope present in muscles
that concentrates calcium ions by means of Ca pumps (Ca-ATPases),
stores these ions, and releases themvia Ca-channels in response to arrival
of “action potential” signals. SR vesicles are challenging systems because
their outer surface is covered with Ca-ATPases protruding from the lipid
bilayer matrix (Fig. 1).
Electrokinetic properties of the surface of SR membrane have re-
ceived marginal attention because the mobility data [22,23] were not
interpretable in terms of classic electrokinetic theory based on the no-
tion of ζ-potential [24].
Recently it was shown that the pH-dependence of electrophoretic
mobility of SR vesicles is dependent on the pH-dependence of electric
charge of APN domains, but not of the whole Ca-ATPase [25]. In that
work a linear relationship between the measured electrophoretic mo-
bility and the charge of APN domains originating from ionized amino
acid residues was demonstrated.
Here we develop an electrophoretic mobility model whose charac-
teristic feature is a charged plane placed at some distance above theFig. 1. Basic structure of calcium pump of SRmembrane illustrating the A, P, N cytoplasmic
domains, and transmembrane helices M. Not to scale. Reproduced with permission from
BBA — Biomembranes [25].lipid matrix. The plane of charges representing the APN domain
(Fig. 1) is embedded within the hydrodynamic frictional layer associat-
ed with the layer of calcium pumps at the surface of SR vesicle. It is im-
portant that model to be introduced yields an analytical expression for
electrophoretic mobility.
The objectives of this work were to explore and to demonstrate the
applicability of the “detached charged planemodel” to the experimental
pH-dependence ofmobility of sarcoplasmic reticulum (SR) vesicles. The
SR membrane can be regarded as a prototype complex membrane be-
cause the charges driving the electrophoretic process are distributed
in 3-dimensions at the surface of the vesicle.
2. Materials and methods
SR vesicles were isolated from rabbit fast twitch skeletal muscle by
the method of MacLennan [31] and stored in liquid nitrogen. The vesi-
cles were physiologically active. A representative value of the radius of
SR vesicles of 130nm was obtained from particle size distribution [25].
Samples for mobility measurements were prepared by diluting SR
vesicles to 0.08g/L in salt solutions of varyingpH and ionic strength. Elec-
trophoretic mobility of SR vesicles was measured at 25 °C using an elec-
trophoretic mobility analyzer DELSA 440 (Beckman–Coulter, Fullerton,
CA, USA). Typically, the electrophoreticmobilitywasmeasured as a func-
tion of ionic strength at six different pH values (4.0, 4.7, 5.0, 6.0, 7.5, and
9.0). For each pH value, themeasuredmobility data were interpolated to
ionic strength of 0.1M.
The mobility measurements were designed in such a way to obtain
reliablemobility data. To reduce the effect of nonrandomerrors themo-
bility data within the range of 50mM–0.2M were interpolated to the
reference ionic strength of 0.1M. The reference mobility value at ionic
strength of 0.1M was set for a conceptual reason (see Fig. 3d). To that
effect, we have measured the mobility within a region of moderate to
high ionic strength, from about 50mM to 0.2M, for different pH values.
The pH values were 4.0, 4.7, 5.0, 6.0, 7.5, and 9.0 with uncertainty of
about 0.1 pH unit. For pH values in the vicinity of mobility reversal it
was not possible to obtain mobility data in the full range of ionic
strength (0.05M–0.2M) because at higher ionic strength the mobility
became too small to be reliably measured.
The experimental mobility data collections are summarized in
Table 1.
The mobility collection data set represents more than 370 mobil-
ity measurements. The data originate from one isolation of SR mem-
branes. There were no signiﬁcant differences in mobility obtained
from different SR isolations. Isolation of SR vesicles was done under
the directions of Jon Abramson's on site laboratory to whom we are
very grateful.
3. Results
The experimental mobility of sarcoplasmic reticulum vesicles as a
function of pH, for ionic strength of 0.1 M of 1:1 salt [25] is shown in
Fig. 2. The objective of the present work was to understand theTable 1
Summary of pHand ionic strength ofmobility data collections.
pH Ionic strength points
4.0 11
4.7 6
5.0 5
6.0 4
7.5 6
9.0 9
Total 41
Fig. 2.Dependence of experimental mobility of sarcoplasmic reticulum vesicles on pH, for
ionic strength of 0.1M (1:1) salt [25]. For all points, with the exception of pH 9 the stan-
dard deviation of mobility is smaller than the size of the box symbol. The red line indicates
the presence of mobility reversal. These experimental data are the basis for understanding
of electrohydrodynamic properties of the surface of SR vesicles and the test of themobility
model developed in the paper.
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of SR vesicles, vesicle size, and electro-hydrodynamic properties of the
surface layer. The mobility data are discussed in terms of a novel
model of electrophoretic mobility presented below.
3.1. Detached charged plane (DCP) model for electrophoretic mobility of SR
vesicles. The rationale for the DCP model
The rationale for the features of the present DCP model rests on the
following properties of the surface of SR: (1) the conﬁguration of APNdo-
mains of calcium pump in the “ground”, non-pumping state, and (2) the
geometry of arrays of calcium pumps at the surface of SR. The rationale is
as follows:
Rationale-1: The conformation of calcium pump in the ground state,
known as E1, is depicted in Fig. 3a [32]. The A, P, and N do-
mains are spatially extended and are approximately parallel
to the surface of the lipid matrix. These domains are
represented by a disk located above the surface of the
lipid matrix.
Rationale-2: The outer surface of SR vesicles is covered by dense arrays
of Ca2+-ATPases with known geometries. It follows from
optical diffraction analysis of electron micrographs of
freeze-fractured SR vesicles that calcium pumps are self-
organized into arrays resembling hexagonal or tetragonal
lattices [33]. For tetragonal arrays the dimensions of unit
cell are 11.7 ± 0.7 nm in the a-direction and10.5 ±
0.5 nm in the b-direction with unit cell area of 123 ±
9 nm2. For hexagonal arrays the unit cell deﬁned as
body-centered rectangular cell had a repeat distance
13.12 nm, and unit cell area per freeze-fractured particle
(the calcium pump) of 130 ± 10 nm2. In view of these
properties the surface of SR vesicles can be visualized as
consisting of hexagonal or tetragonal array of disks as
depicted in Fig. 3b. Unit cell areas are similar.
Rationale-3: In the DCP mobility model the permeable surface of SR
vesicle is represented by a layer containing impermeable
spheres with homogeneous volume distribution to pro-
duce friction equivalent to that of protruding calciumpumps and by a plane of charge containing the charges
of ionizable amino acid residues in APN domains. The de-
tails of the surface layer are also shown in Fig. 3c.
Rationale-4: The effect of diffusion polarization can be neglected. This is
demonstrated by calculating the dependence of mobility
on ionic strength from Smoluchowski model (top curve)
and from the standard electrokinetic model [1] (lower
curve). It follows fromplots in Fig. 3d that for ionic strength
of 0.1M the difference in mobility is negligibly small.
3.2. Electrostatic potential distribution
The electrostatic potential distribution ψ(x) controls the distribution
of free ions that drive the electrophoresis. The charged plane positioned
at distance s above the lipid matrix separates two regions: Region 1
0b xb s, and Region 2 xN s.
The electrostatic potential ψ(x) in Region 1 is
ψ1 xð Þ ¼
σ
2εε0κ
exp −κ s−xð Þð Þ þ exp −κ sþ xð Þð Þ½  ð1Þ
and in Region 2 is
ψ2 xð Þ ¼
σ
2εε0κ
exp κ s−xð Þð Þ þ exp −κ sþ xð Þð Þ½ : ð2Þ
σ is the charge density of the plane and κ is the Debye–Hückel parameter
(the reciprocal thickness of the electric double layer surrounding the
charged plane).
κ ¼ F
22000 ISð Þ
εε0RT
 !1=2
ð3Þ
Ionic strength, IS, and other quantities have their usual meaning.
3.3. Velocity of electroosmotic ﬂow and the mobility of SR vesicles
The mobility of the particle is obtained from the distribution of
velocity of electroosmotic ﬂow of ﬂuid around the particle u(x) that
follows from the Navier–Stokes–Brinkman equation
d2u xð Þ
dx2
−λ2u xð Þ þ ρmob xð ÞEappl
η
¼ 0: ð4Þ
The second term in Eq. (4) is proportional to the retarding force
exerted by friction in the surface layer representing the layer of calcium
pumps. The third term is proportional to the electric force driving the
ﬂow of solution by the applied electric ﬁeld.
In the DCP model, the second term of Eq. (4) originates from resis-
tance centers, each producing retarding force, fS. For a stationary particle
fS is proportional to the local velocity of ﬂow of the solution, u,
f S ¼ 6πaSηu ð5Þ
aS is the radius of Stokes resistance center (Einstein's impermeable
sphere), and η the viscosity coefﬁcient. The frictional coefﬁcient per
unit volume of a surface layer containing NS Stokes resistance centers is
γ ¼ 6πaSηNS: ð6Þ
The softness parameter of particle surface layer, λ, is equal to
λ ¼
ﬃﬃﬃ
γ
η
r
: ð7Þ
Its reciprocal value, λ−1, is known as the Debye–Bueche length or
the ﬂow penetration depth.
Fig. 3. a: Due to the translational and rotational diffusion, the A, P, and N domains can be visualized as disks located above the surface of the lipidmatrix. Reproducedwith permission from
Archives of Biochemistry and Biophysics [32]. b: Surface of SR vesicles is visualized as consisting of hexagonal or tetragonal array of disks. c: The surface of SR vesicles is covered by dense
array of Ca2+-ATPases (calcium pumps). The protruding calcium pumps introduce hydrodynamic drag on the solution ﬂowing through the surface layer of SR vesicle. In the model, the
frictional effect due to the calcium pumps is accounted for by the presence of Einstein's impermeable spheres within the surface layer of thickness D. The position of charged plane is de-
noted by s; σ is the charge density of the charged plane. The external electric ﬁeld Eappl drives the electroosmotic ﬂow u(x). d: Effect of double layer polarization on mobility. Plots of di-
mensionlessmobility vs ionic strength computed from the Smoluchowskimodel inwhich the polarization effect is absent (top curve), and from the general electrokineticmodel inwhich
the polarization is present (lower curve). In both cases we consider bare particles without frictional layer. The particle surface charge density, σ(pH4)= 0.0107 As-m−2, was that of SR
vesicles at pH4. For the top curve the particle radiuswas assumed to be inﬁnity,whereas for the lower curve itwas 130nm, a typical value for SR liposomes used in the study. Ionic strength
of liposome suspension was 0.1M. Due to small difference between mobility, the diffusion polarization effects can be ignored in this work.
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Region 1 0bxbs, Region 2sbxbD and Region 3Dbx. The solution for the
mobility is set up relative to the surface of the lipidmatrix ﬁxed in space.
The ﬂow of aqueous phase above the lipid matrix of SR is driven by the
external electric ﬁeld applied parallel to the surface, Eappl. The velocity of
electroosmoticﬂowat the surface is zero because the aqueous phase ad-
heres to the surface of the core. The magnitude of velocity increases for
x N 0, and reaches a constant value as x→∞. The velocity of electroos-
motic ﬂow at inﬁnity is designated by uEO.
In the electrophoretic mobility experiment the situation is opposite,
the particle is free and it moves relative to the solution in opposite di-
rectionwith velocity−uEO (note: In the electrophoretic mobility exper-
iment the velocity of ﬂow of aqueous phase is zero. In view of this
geometry the electrophoretic mobility of the free particle is
μ ¼− uEO
Eappl
: ð8Þ
Eappl is the external electric ﬁeld applied to the vesicle.The mobility of DCP particles obtained from Eq. (8) is
μDCP ¼ μ0
κ2
κ2−λ2
1
cosh λDð Þ exp −κsð Þ þ
κ
λ
 
sinh λsð Þ
h i
−
− λ
κ
 
cosh κsð Þ exp −κDð Þ tanh λDð Þ þ λ
κ
  
8><
>:
9>=
>;: ð9Þ
The term μ0 in Eq. (9) can be regarded as themobility of a similar but
bare particle. One lacking the frictional layer and having the charge of
the detached charged plane located at the particle surface. Themobility
of the bare particle with surface charge equal to that of the detached
charged plane is
μ0 ¼
σ
ηκ
: ð10Þ
The mobility ratio μDCP/μ0 deﬁnes the mobility structure factor,
MSF(s, D, λ, κ). MSF reﬂects the properties of the surface layer of SR
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layer D, and the particle softness λ.
MSF s;D;λ; κð Þ
¼ κ
2
κ2−λ2
1
cosh λDð Þ exp −κsð Þ þ
κ
λ
 
sinh λsð Þ
h i
−
− λ
κ
 
cosh κsð Þ exp −κDð Þ tanh λDð Þ þ λ
κ
  
8><
>:
9>=
>;: ð11Þ
In condensed form, the mobility of particles of this type has a simple
form,
μDCP ¼ μ0MSF s;D;λ; κð Þ: ð12Þ
Alternatively to the Debye Bueche length, the frictional properties of
the surface layer of SR vesicles can be characterized by the dimensionless
retardation index
RI ¼ λ
κ
: ð13Þ
RI is the ratio of the Debye length (κ−1) to the Debye–Bueche length
(λ−1).
3.4. The effect of the position of charged plane on mobility
The dependence of mobility structure factor, MSF(s, D, λ, κ), on the
position of the charged plane as a function of retardation index, RI, is
illustrated in Fig. 4. The top curve is for frictionless coating, RI=0. In
the absence of retardation MSF changes from unity when the charged
plane coincides with the surface of particle core, to MSF = 5.704 for
charged plane at the top of the coating (D=10nm). This demonstrates
the effect of position of charged plane on themobility of particle, viz the
mobility of frictionless particle with detached charged plane would in-
crease 5.704 times relative to the mobility of frictionless hard particle
due to charges being moved to 10 nm above the lipid matrix. The
lower broken curves are plots ofMSF for a stepwise increase of retarda-
tion index by 0.25. The notable feature of the DCP model is that for
charged plane close to the particle core, theMSF, and thus the mobility,
decrease with RI more rapidly than for a charged plane close to the top
of the coating. Thismeans that the sensitivity ofmobility to the position
of charged plane is greater for particles with greater retardation.Fig. 4. The dependence of mobility structure factor,MSF(s, D, λ, κ), on the position of the
charged plane as a function of retardation index, RI. The top curve is for frictionless coating
RI=0. Lower curves RI: 0.25, 0.5, 0.75, 1.0. The MSF data points are for RI=0.762 corre-
sponding to the ﬁt of the DCP model to the measured mobility vs pH shown in Fig. 8.4. Application of DCP model to SR vesicles
4.1. Electric charge of APN domains and its dependence on pH
The A, P, and N domains of the Ca2+-ATPasewere deﬁned by Reuter,
Hinsen, and Lacapere [34]. The APN domains are simply the combina-
tion of these three domains. The electric charge of APN domains is de-
termined by the ionizable side chain of amino acid residues. The
composition and number of amino acids in each domain were obtained
from Fig. 5 of the paper by Shi, Chen, Huvos, and Hardwicke [35]. The
ionizable amino acid residues, their polarity, pKa values and their fre-
quencies of occurrence are listed in Table 2.
The charge density of APN plane in the mobility model, σAPN, is ob-
tained from the assumption that the charge of APN domains, QAPN, is
spread over the area of unit cell of calcium pump arrays, Auc, at the sur-
face of SR vesicles (Fig. 2). The charge of APN domains is
QAPN ¼ QA þ QP þ QN ¼
¼ ehA;i pA;i;pH;ψA;i
 
þ ehP;i pP;i;pH;ψP;i
 
þ ehN;i pN;i;pH;ψN;i
 
:
ð14Þ
The ionization function of amino acid of type i listed in Table 2, hi, de-
pends on the bulk pH and the local electrostatic potential at the
protolytic site, ψi.
hi pi;pH;ψið Þ ¼
1
1þ 10pi pH−pKaið Þ: exp pi
Fψi
RT
  : ð15Þ
pi is the polarity index in Table 2.
We consider tetragonal arrays of calcium pumps with unit cell area
of 123± 9 nm2 [33]. The charge density of the DCP plane depends on
the charge of APN domain, QAPN, and the unit cell area, AUC.
σAPN ¼
QAPN
Auc
: ð16Þ
In the mobility analysis below the electrostatically induced pH cor-
rection was not included for several reasons, (a) the protolytic sites on
APN domains are discrete sites and are not exposed to “averaged” elec-
trostatic potential of the charged plane, (b) themobility studywas done
at ionic strength of 0.1 M corresponding to short Debye length ofFig. 5. Chargedensity of APNdomain (top curve) and lipidmatrix (lower curve) computed
for ionized amino acid residues present in Ca2+-ATPase (calcium pump) and charged
lipids of lipid matrix. Charge density of APN domain was computed for amino acids listed
in Table 2 and those of lipid matrix for lipids listed in Table 3.
Table 2
Amino acids in A, P, and N domains of Ca2+-ATPase (calcium pump). The quantities in
columns are the number of each amino acid residues; the polarity of their charged form
and selected pKa values are for amino acid residues in polypeptides.
Amino acid Polarity pKa A P N
Arginine +1 12.2 9 9 15
Aspartic acid −1 4.0 10 10 14
Cysteine −1 8.7 1 7 8
Glutamic acid −1 4.3 12 13 19
Histidine +1 6.4 4 0 0
Lysine +1 10.5 13 7 17
Tyrosine −1 9.8 3 2 5
Values from Jack Kyte, Structure in Protein Chemistry, Garland Publishing, 1995.
Table 3
Charges in lipid matrix of SR.
Lipid Polarity pKa N/unit cell
PS phosphate deprotonation (POH) −1 2.6 3.15
PS carboxyl deprotonation (COOH) −1 5.5 3.15
PS amino deprotonation (NH3+) +1 11.55 3.15
PI phosphate deprotonation (POH) −1 2.5 12
Table 4
Set of Debye Bueche lengths and softness of surface layer of SR vesicles used to evaluate
WSDSQ.
Debye Bueche length
λ−1 (nm)
Softness of surface layer
λ (m−1)
Retardation index
3.15 320 × 106 0.305
2.54 394 × 106 0.378
2.01 498 × 106 0.477
1.46 685 × 106 0.657
0.802 1250 × 106 1.2
Note: High softness parameter corresponds to short Debye Bueche length.
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agreement of the computed and measured pH dependence of mobility.
4.2. Electric charge of the lipid matrix and its dependence on pH
Negative charges of lipid matrix of SR vesicles are due to phos-
phatidylinositol (7.6%) and phosphatidylserine (2%) [36]. Assuming
0.7nm2 of membrane surface area per lipid, tetragonal unit cell area of
123 nm2 and subtracting 12.6 nm2 for the stalk of the Ca2+-ATPase,
we found that there are 12 PI and 3.15 PS molecules per Ca2+-ATPase
unit cell.
The charge due to lipids per unit cell of Ca2+ATPase is
QLM ¼ QPI þ QPS1 þ QPS2 þ QPS3 ¼ ehPI pPI;pH;ψPIð Þþ
þehPS;1 pPS;1;pH;ψPS;1
 
þ ehPS;2 pPS;2; pH;ψPS;2
 
þ ehPS;3 pPS;3; pH;ψPS;3
 
:
ð17Þ
The surface charge density of lipid matrix is
σ LM ¼
QLM
Auc
: ð18Þ
4.3. WSDSQ — weighted sum of mobility deviation squared
There are two types of contribution to “theoretical” mobility, one
from the lipid matrix, and one from APN domains,
μLM σ LM ;0;D;λ; κð Þ ¼
σLM
ηκ
MSF 0;D;λ; κð Þ
μAPN σAPN ; s;D;λ; κð Þ ¼
σAPN
ηκ
MSF s;D;λ; κð Þ:
ð19Þ
Mobility structure factor MSF(0, D, λ, κ) applies to the lipid matrix
(s=0) andMSF(s, D, λ, κ) to APN domains (sN0).
The applicability of the DCP model is evaluated using the weighted
sum of deviation squared,WSDSQ,
WSDSQ ¼ 1
pmax
X
p
μxp− μLM σ LM;0;D;λ; κð Þ þ μAPN σAPN; s;D;λ; κð Þð Þ
h i2
sdμx2p
:
ð20Þ
In Eq. (20) p is the index of experimental mobility point μx, μxp the
experimental mobility value, sdμxp the standard deviation of experi-
mental mobility point μxp, σLM the charge density of lipid matrix, σAPN
the charge density of APN domains, s the position of APN plane, D the
thickness of Ca pump surface layer, λ the softness parameter of surface
layer and κ the Debye–Hückel parameter.
Our interest is to develop insight into how the Debye Bueche length,
λ−1, (and corresponding softness λ) of the surface layer and the posi-
tion of APN domain plane affect the value ofWSDSQ and thus the degreeof ﬁt of the DCP model to the mobility data. To accomplish this, a set of
Debye Bueche lengths was selected andWSDSQ obtained from Eq. (20).
The plots ofWSDSQ for individual Debye Bueche lengths (and retar-
dation indices) are illustrated below. The leftmost curve corresponds to
the longest Debye Bueche length and a smallest retardation index, the
rightmost one is for the shortest Debye Bueche length and greatest re-
tardation index. Theminimumvalues of theWSDSQ for each retardation
index determine the best ﬁt values for the position of the plane of
charge representing the APN domain. Data in Fig. 5 map the properties
of WSDSQ surface. Five branches of WSDSQ were obtained for the ﬁve
preset values of the Debye Bueche length listed in Table 4.
There is oneminimum value ofWSDSQ present for each branch. The
plots ofWSDSQ show that position of APNdomain andWSDSQ correlate,
the minimumWSDSQ depends not only on the position of the APN do-
main, s, but also on the Debye Bueche length (Fig. 6). The magnitude
of WSDSQ at the minimum depends on the position of APN domain
within the surface layer of SR.
Until now there was no explicit information on where the APN do-
main may be located, and how it is related to the mobility. These issues
are addressed in Fig. 7.
As noted earlier theminimum value ofWSDSQ depends on the posi-
tion of APN domain within the surface layer. The relationship between
the value ofWSDSQminimum (best ﬁt) and the location of APN domain
is depicted in Fig. 7. It follows from the plot that better agreement be-
tween themobility predicted from theDCPmodel and the experimental
results takes place when APN domain is located in the upper half of the
surface layer of SR vesicles. This observation is supported by themolec-
ular structure of the Ca2+-ATPase (Fig. 1). The plot illustrates that the
experimental mobility of SR vesicles can be understood in terms of the
DCP mobility model.
4.4. Dependence of DCP mobility on pH
The dependence ofmeasured and theoretical mobility on pH is com-
pared in Fig. 8. The theoretical mobility included the pH-dependent
charge density of lipid matrix and that of APN domains predicted from
the amino acid sequence of calcium pumps. The solid curve was obtain-
ed by interpolation.
This work is also an illustration of how a biophysical model provides
insight into the coupling of electrostatic potential and electroosmotic
ﬂow velocity distributions. The analytical solution of mobility was de-
rived from solving a set of boundary conditions for the electrostatic
and hydrodynamic properties of the surface of SR vesicles. The agree-
ment between the experimental and theoretical mobility shown in
Fig. 8 conﬁrmed the validity of the rationale invoked in the design of
Fig. 6. Plots of “weighted sum of deviation squared”,WSDSQ, given by Eq. (20) as a func-
tion of the position of APN plane for preset values of the Debye Bueche length of the sur-
face layer. Plots show that position of APN plane and WSDSQ correlate, the minimum
WSDSQdepends not only on the position of charged plane, s, but also on theDebye Bueche
length (λ−1). Note that WSDSQ decreases as the APN plane position within the surface
layer increases.
Fig. 8. The dependence ofmeasured and theoretical mobility of SR vesicles on pH. The the-
oretical mobility was obtained from the DCP model including the pH-dependent charge
density of lipidmatrix and that of APNdomains as predicted from the amino acid sequence
of calcium pumps. The solid curve illustrates the DCPmodel mobility obtained by interpo-
lating the optimum theoretical mobility results. The theoretical pH-dependence of mobil-
ity was calculated for a position of APN domains 7 nm above the lipid matrix, within the
surface layer of calcium pumps of assumed thickness of 10 nm. The optimum value of
the Debye Bueche length (λ−1) corresponding to theminimumof “weighted sumof devi-
ation squared” was 1.26 nm.
772 P. Smejtek et al. / Biochimica et Biophysica Acta 1838 (2014) 766–775the DCP mobility model. The DCP model developed here complements
simple mobility models of soft particles [16,18,19].
The DCP model illuminates the origin of mobility increase with in-
creasing s, and the mobility attenuation with decreasing Debye Bueche
length, λ−1. These two quantities along with the pH-dependent charge
densities of amino acid residues of APN domains and the ionizable lipids
of the lipidmatrix are themajor components associating the DCPmodel
with the molecular properties of the SR surface. The DCP model devel-
oped here complements simple mobility models of soft particles
[16,18,19].
5. Conclusions
Sarcoplasmic reticulummembrane (SR)was regarded here as a pro-
totype complex biomembrane due to the presence of Ca2+-ATPasesFig. 7. Relationship between the value of “weighted sum of deviation squaredminimum”,
WSDSQ, and the position of APN domain within the surface layer. The plot illustrates that
better agreement between the DCP model and the experimental dependence of mobility
on pH takes place for APN plane located in the upper half of the surface layer of calcium
pumps. The broken curve relating the value of WSDSQ minimum to the position of APN
plane was obtained by interpolation.(calcium pumps) at the outer surface of SR vesicles. The surface of SR
vesicles is charged due to charged lipids present in the lipid matrix
and due to charges originating from the Ca2+-ATPases. It was not
clear how these charges inﬂuence the ﬂow of free ions surrounding
the SR membrane that determine the electrohydrodynamic properties
of SR vesicles. This issue was investigated here experimentally by mea-
suring the velocity of SR vesicles in an external electric ﬁeld.
The electrophoretic mobility is determined by forces both driving
and retarding the motion of SR vesicles. The mobility depends on
charges present at the surface of the lipid matrix, charges of the Ca2+-
ATPases embedded in the lipid matrix and the frictional effect of the
layer of Ca2+-ATPases at the outer surface of SR vesicles. An analytical
solution for mobility was derived by solving a set of boundary condi-
tions for the electrostatic and hydrodynamic properties of the surface
of SR vesicles (see Appendix A).
Since the lipid composition of the lipid matrix is known it was possi-
ble to predict the pH-dependence of electric charge density of the lipid
matrix. Similarly, the effect of pH on ionizable amino acid residues of
APN domains of the ATP-ases was also evaluated because the amino
acid sequence of the ATP-ase and the ionization properties of amino
acid residues are known.Whatwasnot known, andhad to be established,
was the effect of electric charges distributed in 3-dimensions at the sur-
face of SR vesicles. In addition to accounting for the effect of driving elec-
tric force it was necessary to account for the hydrodynamic friction
introduced by Ca2+-ATPases within the outer surface of SR vesicles.
These were the general concepts explored in this work.
We have shown that it is possible to understand the pH-dependence
of mobility of SR vesicles in terms of a simple biophysical model of the
surface of SRmembrane, the DCPmodel. It was also shownhow themo-
bility of SR vesicles was determined by the charges present in APN do-
mains of Ca2+-ATPases. These domains were represented in the DCP
model by a charged plane detached from the lipidmatrix and immersed
in the frictional layer. Another charged plane included in themodel was
associated with charged lipids of the lipid matrix of SR vesicles.
From the interpretation of themeasured pH-dependence ofmobility
of SR vesicles it was concluded that charges of lipid matrix make a very
small contribution to themobility of SR vesicles. Themajor contribution
773P. Smejtek et al. / Biochimica et Biophysica Acta 1838 (2014) 766–775was primarily determined by charges of APN domains. It also followed
from the DCP model that the contribution APN domains to mobility is
enhanced by their location above the lipid matrix. The DCP model also
explained why the contribution of charged lipid matrix to mobility of
SR vesicles was suppressed.
The successful interpretation of mobility data of SR vesicles in terms
of the DCP model and the ability to develop an analytical solution for
the mobility of SR vesicles followed from the reduction of complexity
of the electrohydrodynamic structure of the surface of SR vesicles. The
driving force was associated with the charges of APN domains of the
Ca2+-ATPases and of charged lipid matrix. Both sets of charges were
pH-dependent. The retarding force due to the forest of Ca2+-ATPases
was represented by an uncharged homogeneous frictional layer produc-
ing the same retarding effect as the layer of Ca2+-ATPases protruding
from the outer surface of the lipid matrix of SR (Fig. 3a, b, c).
The mobility equation for particles whose major feature is a layer of
charge detached from the lipid matrix and embedded in frictional layer,
developed in this work (Eq. (9)), is an important addition to analytical
expressions for mobility of soft particles [16,18].
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Appendix A. Electrostatic potential and electroosmotic velocity
distribution for SR vesicles
A1. Electrostatic potential distribution
There are two electrostatic regions, separated by the charged plane
at x= s, where the solution of linearized Poisson–Boltzmann equation
d2ψ xð Þ
dx2
¼ κ2ψ xð Þ ðA1Þ
is required:
Region 1, 0b x≤ s
ψ1 xð Þ ¼ A exp κxð Þ þ B exp −κxð Þ: ðA2Þ
Region 2, xN s
ψ2 xð Þ ¼ C exp −κxð Þ þ D exp κxð Þ: ðA3Þ
From conventional electrostatic boundary conditions follows the
distribution of electrostatic potential,
in Region 1
ψ1 xð Þ ¼
σ
2εε0κ
exp −κ s−xð Þð Þ þ exp −κ sþ xð Þð Þ½  ðA4Þ
and in Region 2
ψ2 xð Þ ¼
σ
2εε0κ
exp κ s−xð Þð Þ þ exp −κ sþ xð Þð Þ½ : ðA5Þ
A2. Solution for the velocity of electroosmotic ﬂow
To obtain the velocity distribution of electroosmotic ﬂow the
Navier–Stokes–Brinkman equation is solved in three regions. Within
the surface layer we have:Region 1, 0b x≤ s
d2u1 xð Þ
dx2
−λ2u1 xð Þ ¼
εε0κ
2Eappl
η
ψ1 xð Þ ðA6Þand Region 2, s≤ x≤D
d2u2 xð Þ
dx2
−λ2u2 xð Þ ¼
εε0κ
2Eappl
η
ψ2 xð Þ: ðA7Þ
The hydrodynamics of the particle surface layer follows from the
Debye–Bueche approach. The coating is represented by an array of fric-
tional centers. It is characterized by the hydrodynamic penetration
depth, λ−1, also known as the Debye Bueche length. Quantity λ is a
measure of hydrodynamic softness of the surface layer composed of cal-
cium pumps.
Region 3, xND, where the surface layer is absent, and the electrostat-
ic potential is ψ2(x)
d2u3 xð Þ
dx2
¼ εε0κ
2Eappl
η
ψ2 xð Þ: ðA8Þ
The general solutions for velocity of ﬂow are:
in Region 1
u1 xð Þ ¼ F exp λxð Þ þ G exp −λxð Þþ
þ σκ
2η κ2−λ2
	 
 Eappl exp−κ s−xð Þ½  þ exp−κ sþ xð Þ½ f g ðA9Þ
in Region 2
u2 xð Þ ¼ K exp λxð Þ þ L exp −λxð Þþ
þ σκ
2η κ2−λ2
	 
 Eappl exp−κ x−sð Þ½  þ exp−κ xþ sð Þ½ f g ðA10Þ
and in Region 3
u3 xð Þ ¼ uEO þ
σEappl
2ηκ
exp−κ x−sð Þ½  þ exp−κ xþ sð Þ½ f g: ðA11Þ
A3. Boundary conditions for the electroosmotic ﬂow
Fluid boundary condition at the surface of the particle core (FBC1)
Applying the condition of zero velocity at x=0, u1(0)=0 to Eq. (A8)
results in
F þ Gþ σκ
η κ2−λ2
	 
 Eappl exp −κsð Þ ¼ 0: ðA12Þ
Fluid boundary condition at the charged plane (FBC2)
Applying the condition of continuity of velocity at x=s, u1(s)=u2(s)
results in
F exp λsð Þ þ G exp −λsð Þ−K exp λsð Þ−L exp −λsð Þ ¼ 0: ðA13Þ
Fluid boundary condition at the charged plane (FBC3)
Applying the condition of continuity of ﬁrst derivative of velocity at
x= s, du1/dx=du2/dx, requires that
F exp λsð Þ−G exp −λsð Þ−K exp λsð Þ þ L exp −λsð Þ
¼− σκ
2
ηλ κ2−λ2
	 
 Eappl: ðA14Þ
Fluid boundary condition at the interface between the frictional
layer and free solution (FBC4)
Applying the condition of continuity of velocity at x= D, u2(D) =
u3(D), results in
K exp λDð Þ−L exp −λDð Þ ¼
¼ λ
κ2−λ2
	 
σEappl
2η
exp−κ D−sð Þ½  þ exp−κ Dþ sð Þ½ f g: ðA15Þ
Fig. A1b.Distribution of electroosmoticﬂowvelocity,u(x),within andoutside of the surface
layer for deep (2 nm) and shallow (8 nm) APN plane. The external applied electric ﬁeld
Eappl=1000 V-m−1, other quantities are given in Fig. A1a.
774 P. Smejtek et al. / Biochimica et Biophysica Acta 1838 (2014) 766–775Fluid boundary condition at the interface between the frictional
layer and free solution (FBC5)
Applying the condition of continuity of ﬁrst derivative of velocity at
x=D, du2/dx=du3/dx requires that
K exp λDð Þ−L exp −λDð Þ ¼
¼ λ
κ2−λ2
	 
σEappl
2η
exp−κ D−sð Þ½  þ exp−κ Dþ sð Þ½ f g: ðA16Þ
A4. Velocity distribution of electroosmotic ﬂow
The velocity distributions inside the frictional layer depend on con-
stants F, G, K, and L. These quantities are
K ¼ 1
2
uEO exp −λDð Þ þ
σEappl
2κη
1−λ
κ
 
 κλ
κ2−λ2
 
cosh κsð Þ exp −κDð Þ exp −λDð Þ ðA17Þ
L ¼ 1
2
uEO exp λDð Þ−
σEappl
2κη
1þ λ
κ
 
 κλ
κ2−λ2
 
cosh κsð Þ exp −κDð Þ exp λDð Þ ðA18Þ
G ¼−K exp λsð Þ
2 sinh λsð Þ−L
exp −λsð Þ
2 sinh λsð Þ−
σEappl
κη
κ2
κ2−λ2
exp −κsð Þ exp λsð Þ
2 sinh λsð Þ
ðA19Þ
F ¼−G−σEappl
κη
κ2
κ2−λ2
exp −κsð Þ: ðA20Þ
The position of the charged plane relative to the surface of the parti-
cle core determines the distribution of electrostatic potential, which in
turn determines the distribution of density of mobile ions in the electri-
cal double layer and the distribution of velocity of electroosmotic ﬂow.
The mobility of particles is determined from the velocity of electroos-
motic ﬂow far from the surface of frictional layer uE0 according to
Eq. (8).
Fig. A1a illustrates the effects of the position of the charged plane on
the electrostatic potential distributions ψ(x) (Fig A1a) and theFig. A1a. Dimensionless potential distribution, y(x) = eψ(x)/kT, in the surface layer for
deep (2 nm) and shallow (8 nm) APN plane. The plots of y(x) were obtained for ionic
strength 0.1M and charge density of APN plane of σAPN=0.0107 As-m−2 corresponding
to SR vesicle mobility at pH 4. Thickness of surface layer D=10nm.electroosmotic velocity ﬂow distributions u(x) (Fig A1b) for a frictional
layer of thickness D=10nm characterized by a Debye–Bueche length
λ−1 = 1.28 nm. In this illustration the solution is for ionic strength
0.1M the value of theDebye length κ-1=0.961nm. These conditions de-
ﬁne the retardation index RI=0.75.
The electrostatic potential distributions were computed for surface
charge density of APNplaneσ=0.0107As-m−2 corresponding tomobil-
ity at pH4. The distribution of velocity of electroosmotic ﬂow, u(x), was
obtained using constants F, G, K, and L deﬁned by Eqs. ((A17)–(20)).
Two positions of the charged planewere considered, one close to the
surface of the core, s1=2nm, and one close to the top of frictional layer,
s2=8nm. For the charged plane at s1 the electrical double layer is con-
ﬁned to the frictional layer, whereas for the charged plane at s2 the elec-
trical double layer partially extends beyond the frictional layer.
The position of the charged plane has a great effect on the velocity
distributions and mobility of particles. To illustrate the effect, the di-
mensionless mobility of vesicles with APN plane at s1 = 2 nm was
μ1 = 3.17 × 10−3 whereas mobility of those with APN plane at s2 =
8nm was substantially greater, μ2=0.260.
There are two main physical contributions to this difference. The
ﬁrst originates from the no-slip condition at the vesicle surface. Since
screening charges drive the electroosmotic ﬂow, their spatial distribu-
tion determines the ﬂow velocity proﬁle. In the case of s1, greater con-
centrations of screening charges are present close to the particle core
surface, an area of suppressed ﬂow due to proximity to the no slip
boundary. The second contribution resulting in a higher value of μ2, is
that the space charge of screening ions surrounding the APN plane at
s2 extends beyond the boundary of the frictional surface layer.
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